ABSTRACT In order to improve the extension mileage and ensure the yaw stability of the distributed drive electric vehicle simultaneously, a multi-objective coordination control strategy is presented in this paper, in which the optimal vehicle-state estimation method and the orientated tire force distribution method are designed. The longitudinal force estimation is designed using the unknown input observer Kalman filter, a novel yaw rate and a vehicle sideslip angle estimation scheme is proposed by an observer error compensation method. A multi-objective hierarchical vehicle motion control strategy is developed to monitor the yaw stability and improve the energy efficiency of vehicle in real time. In the upper layer controller design, a sliding mode controller is proposed to track the desired yaw rate. In the lower layer controller design, the orientated tire force distribution scheme is presented to improve the motor efficiency and reduce the energy loss caused by vehicle steering resistance while ensuring the yaw stability of vehicle. Finally, the effectiveness of the proposed estimation method and the global coordination control strategy is validated by simulation in CarSim-Simulink joint platform and road test.
I. INTRODUCTION
Electric vehicles (EVs), as a potential means of future transportation which has great advantages in fuel economy and emissions, have attracted the attention of both industrial and academic communities [1] - [4] . Especially, owing to the controllability of accurate and independent torque, distributed drive electric vehicles (DDEVs) have been testified effective in enhancing the performance of torque flexibility [5] , [6] and vehicle stability [7] - [10] . The advantages of DDEVs propose a novel train of thought for vehicle active safety, stability control [11] , [12] and energy-saving [13] , [14] torque allocation. As the crucial part of control logic, real-time and accurate vehicle state information, such as longitudinal force, yaw rate and vehicle sideslip angle of vehicle, are indispensable to vehicle control systems [15] . Hence, the security and performance of these systems directly depend on the accurate acquisition of vehicle state. Considering the cost and difficulty of vehicle states measurement, the design of model-based vehicle states observer is essential to achieve the estimations by low-cost sensors.
In the past decade, there have been many researchers engaged in the field of real-time state estimation, achieving some great research results. The tire force can be measured by six-dimensional wheel force transducer, but the six-dimensional wheel force transducer is very costly. In the existing studies of longitudinal force estimation, the longitudinal force estimation usually computed by tire empirical model or tire semi-empirical model, which will bring a larger amount of calculation [16] . Some works obtain the longitudinal force by computing the integral of rotating dynamic equation of wheels, which will lead to the accumulation of noise and cause the estimation error [7] , [13] . In addition, in some works, longitudinal force observer is designed for traditional internal combustion engine vehicle, in which the parameter of automobile engine is essential as the input of longitudinal observer [17] - [21] , the approaches of longitudinal force estimation for EVs, especially for DDEVs are still relatively hard to see. The estimation of yaw rate and sideslip angle of vehicle is very significant to vehicle stability control, and has been widely studied in many papers. The methods uesd for observer design in prior papers include Kalman-filterbased methods, nonlinear-observer-based methods, optimal estimation methods, information fusion estimation methods, robust estimation methods, et al. The electric-drive characteristics are not fully utilized for vehicle state estimation in existing researches. The driving wheel of DDEV is not only an independent control unit, but also an independent information unit. The measurements of low-cost sensors, such as the current, rotational speed and bus voltage of in-wheel motor, can be used to estimate the longitudinal force via the dynamic characteristics of electric driving wheels [22] , which helps to make full use of the advantages of electric vehicles and reduce the cost of the observer system. Few papers have taken this concept into account.
The characteristic of independent torque control of in-wheel motors provides more degrees of freedom to DDEV in vehicle motion control. Lots of works have applied it to the vehicle stability control system. Dizqah et al. [23] , Goggia et al. [24] , Filippis et al. [25] , Huang et al. [26] , and Guo et al. [27] have presented some in-depth studies for DDEV to reduce the drivetrain power losses and extend driving range by the energy-efficient torque distribution among the four drivetrains. Haddoun et al. proposed system modeling, analysis, and simulation of an EV and designed a traction control system to ensure the dynamics and stability of EV [28] . Chen and Wang discussed the design and evaluation of electric differential for overactuated EV and compared the vehicle performances under different electric differential form [29] . Wang et al. proposed a vehicle lateralplane motion stability control strategy for DDEVs considering the tire force saturations [30] . Lu et al. studied a novel method about the vehicle sideslip control integrated with a continuously active yaw rate controller to extend the limit of stable vehicle cornering [31] . Shyrokau et al. presented an approach for integrated vehicle motion control coordinating multiple vehicle subsystems via restriction weights into the cost function of optimization-based control allocation [32] . Jin et al. proposed a robust H∞ control scheme for vehicle lateral stability via linear parameter-varying technique [33] . In the existing researches of stability control for DDEVs, it can be found that most of them achieve the real-time motion control by oriented optimal torque distribution of in-wheel motors. However, the previous studies of optimal torque distribution usually focus on the limit conditions of tire and road adhesion or concentrate to improve the handling stability in limit cornering manoeuvre. For example, Wang and Göhlich designed an integrated dynamics control of DDEVs by hierarchical control scheme for yaw moment control and ensuring the tires work in the stable region [34] . Li et al. developed an innovative vehicle sideslip angle estimation method to construct the vehicle sideslip angle controller and to determine the friction limit criteria for the overall control system [35] . Generally speaking, the traction capacity of EV is lower than traditional internal combustion engine vehicle, so the EV usually works in the manoeuvre of medium speed or urban driving conditions. Hence, the driving torque and vehicle speed is relatively small, and the tire force is usually difficult to exceed the tire friction circle constraint under conventional driving conditions. At this time, the control strategy for yaw stability and energy saving of DDEV is more meaningful. Several studies have been conducted concerning the energy saving of EVs. Wang et al. proposed a torque distribution method to optimize the operational energy efficiency via the actuation flexibility and the characterized in-wheel motor efficiency and torque response [36] . Wang et al. proposed an optimal torque distribution strategy for longitudinal motion by considering the transfer of weight between front and rear axles and motor losses [37] . Zhang et al. designed an integrated traction control strategy for DDEVs to improve vehicle economy and longitudinal stability [38] . As we can see, most prior approaches pay attention to improve the driving efficiency and reduce the copper and iron losses of in-wheel motors [39] - [43] . In recent years, the researchers pay more attention to design the multi-objective coordinated control strategy for DDEVs, aiming to improve yaw stability and reduce energy consumption of vehicle. In [44] , an orientated wheel torque distribution method was proposed for DDEV to improve vehicle yaw stability and reduce energy consumption at the same time. In [45] , an integrated vehicle control strategy was developed to guarantee the stability of vehicle in steering maneuvers and improve the energy consumption efficiency. However, the energy consumption caused by vehicle steering resistance is not yet considered in previous studies. In the cornering manoeuvre, the reasonable distribution of driving torque between outer and inner in-wheel motors is conducive to reduce the steering resistance and improve the economy of vehicle. Nevertheless, seldom works have taken this thinking into account.
In this paper, a multi-objective coordination control strategy is proposed to ensure the yaw stability and reduce the energy consumption of distributed drive electric vehicle by orientated tire force distribution method, in which a vehicle state estimation method is designed. The longitudinal force observer (LFO) is presented by designing the unknown input observer, which develops a novel thinking of the longitudinal force estimation for DDEVs. An estimation scheme was proposed to estimate the yaw rate and sideslip angle of vehicle, and an observer error iteration method was used to compensate the estimation error of yaw rate. In the hierarchical control strategy, the upper layer controller was proposed to obtain the desired yaw-moment by the sliding mode controller, and the lower layer controller was designed to distribute the driving torque of in-wheel motors, in which the motor efficiency and steering resistance are taken into account to achieve the improvement of vehicle economy while guaranteeing the yaw stability of vehicle.
The rest of this paper is organized as follows. The vehicle dynamic model is presented is Section 2. The vehicle state estimation method is designed in Section 3. The direct yaw moment control strategy with the improvement of economy is described in Section 4. The simulation results are provided in Section 5, followed by the conclusive remarks. 
II. VEHICLE DYNAMIC MODEL A. 3-DEGREE-OF-FREEDOM (3-DOF) VEHICLE MODEL
A schematic diagram of the 3-DOF vehicle model in the longitudinal, lateral, and yaw directions is shown in Fig. 1 . The origin of dynamic coordinate system xoy fixed on the vehicle coincides with the vehicle gravity center, the x axis is the longitudinal axis of the vehicle (the forward direction is positive), the y axis is the lateral axis of the vehicle (the rightto-left direction is positive). The pitch, roll, vertical motions and the suspension system of the vehicle are ignored. It is assumed that the mechanical properties of each tire are the same. The serial numbers 1, 2, 3, and 4 of the wheels are respectively corresponding to the front-left, the front-right, the rear-left and the rear-right wheel. The dynamic equations of the 3-DOF vehicle model can be expressed aṡ
where v x and v y are the longitudinal and lateral vehicle speed, respectively. γ is the yaw rate,m is the vehicle mass, δ represents the steering angle of the front wheels, I z stands for the moment of inertia. F xj and F yj (j =1,2,3,4) are the longitudinal and lateral forces of the jth tire, respectively.l f and l r are the distances from vehicle gravity center to the front and rear axle, respectively. b f and b r are the half treads of the front wheels and rear wheels, respectively. 
B. ELECTRIC-DRIVING WHEEL MODEL (EDWM)
Each wheel of the FWID-EV is driven by an in-wheel motor.
And the driving wheel consisting of in-wheel motor and tire is an independent driving and informative unit. As shown in Fig. 2 , the concept of the EDMW is proposed in this study. The rotational dynamic equation of each wheel can be written as
where ω j is the wheel speed of the jth wheel, J 1 is the wheel moment of inertia, r is the wheel effective rolling radius, T Lj is the load torque of in-wheel motor. The torque balance equation of the output shaft in in-wheel motor can be given by
where J 2 is the rotational inertia of in-wheel motor rotor, b is the damping coefficient, K t is the motor torque constant, i j is the bus current. The dynamic voltage balance equation of equivalent circuit in in-wheel motor can be modeled as
where u j is the bus voltage, R is the equivalent resistance of winding, L is the equivalent inductance of winding, K a is the inverse electromotive force coefficient.
C. TIRE MODEL
The semi empirical magic formula of tire model is used in order to estimate the lateral tire force. The lateral tire force can be calculated as
where B is the stiffness factor, C is the curve shape factor, D is the peak factor, E is the curve curvature factorčα is the wheel side slip angle. The tire model parameters like B, C, D, E are related to the tire vertical load. The vertical load of each tire can be VOLUME 6, 2018 calculated as
where F z1 , F z2 , F z3 , and F z4 are the vertical load of corresponding tires,a x and a y is the longitudinal vehicle acceleration and lateral vehicle accelerations, respectively, h is the height of the center of gravity, g is the acceleration of gravity.
The side slip angle of each wheel can be obtained by
III. VEHICLE STATE ESTIMATION A. DESIGN OF LFO
By substituting (4) into (5) and combining it with (6), we have
where
The electric-driving wheel model (EDWM) is obtained aṡ
where x, u j , d and y are the state vector, the known input vector, and the unknown input vector and measurement vector, respectively. The known input and unknown input are the voltage and longitudinal force, respectively. And,
Selecting a nonsingular matrix as
Then, the EDWM is equivalent tȯ
In the differential equation (14), the state sub-vectorx 2 is directly involved in the unknown input d. Decouple the system of (14) and a longitudinal-force-free system can be obtained as
The other part of (14) is given by
The measurement equation is expressed as
Selecting a nonsingular matrix as
and then defining
T , then multiplying both sides of equation (17) by U −1 , we get
Then, combing (14) with (20), we geṫ
Similarly, the state equation of other subsystem is given bẏ (23) Assuming that the state estimation of EDWM are i t and ω t , thus the state observer of EDWM is designed as
According to equation (20) and (22), we get
Combining equation (17), (24) and (25), the longitudinal force observer is deduced aŝ
where,
The schematic diagram of the design principle of the LFO is shown in Fig. 3 . It should be noticed that, in this paper, different background colors of block diagrams represent different modules, in which the red ones represent vehicle system model or vehicular devices, the green ones represent the estimation system, and the blue ones represent the control system. 
B. ESTIMATION OF YAW RATE AND SIDESLIP ANGLE
Via equation (1), the nonlinear state space equation for 3-DOF vehicle model is expressed as
where the input variable is
T . Extended Kalman filter (EKF) is widely used for vehicle state estimation, it can be divided into two parts: forecasting process and trimming process. In forecasting process, the prediction of next moment is obtained according to system state of present time. In trimming process, the optimal estimation of system is obtained by combining the observed results with the predicted values. The steps of EKF are given by
Step 1: Forecasting process. Calculate the forecast value.
Calculate the variance of prediction error.
Step 2: Trimming process. Calculate the matrix of Kalman gain.
Update the state estimation.
Update the error covariance
In the existing researches, it is quite common and easy-tosee to estimate the vehicle state based on 3-DOF via Kalman filter. However, most of these researches require the measured value of longitudinal acceleration and lateral acceleration as the measurement update of Kalman filter. Different from this, we propose a novel estimation method when the measured value of longitudinal acceleration and lateral acceleration are unknown. The diagram of estimation system is shown is Fig. 4 . Based on equation (3), a Kalman filter is designed to estimate the yaw rate, in which the longitudinal force estimated by LFO and the lateral tire force calculated by tire model are used as the known inputs of KF. The yaw rate estimation of KF denotes by γ KF . According to equation (27) , an EKF is designed for vehicle state estimation, in which the γ KF is used as the measurement vector. Then, then there is no need to measure the longitudinal acceleration and lateral acceleration for the measurement update in EKF.
Only the freedom of yaw motion is considered in the design of KF, under the influence of noise and unknown interferes, it is possible to cause the error of integral accumulation and the decrease of estimation accuracy. As shown in Fig. 4 , in order to restrain the deviation, a PID controller is introduced. The difference between γ KF and γ is used as the input of PID, and the PID outputs the compensation of yaw rate. The sum of this compensation and γ KF is used as the pseudo-measurement update of EKF. Using the estimation of longitudinal and lateral vehicle speed, the sideslip angle β is obtained as
IV. COORDINATION CONTROL STRATEGY FOR ECONOMY AND YAW STABILITY OF VEHICLE A. GLOBAL VEHICLE CONTROL STRATEGY
The global vehicle control strategy based on vehicle state estimation is shown in Fig. 5 . The hierarchical control strategy is designed for simultaneous yaw-moment and energy-efficient vehicle motion control. The upper layer controller consists of feedforward control and feedback control and is proposed to obtain the desired yaw moment. The lower layer controller is designed to distribute the driving torque of in-wheel motors to synchronously satisfy the control effort of yaw moment and achieve the improvement of vehicle economy.
B. UPPER LAYER CONTROLLER
The vehicle dynamics model with 2 degree of freedom is shown in Fig. 6 . Considering the vehicle yaw moment, the state space equation of the referenced vehicle model is expressed asẋ where
and M z represents the additional yaw moment. Vehicle yaw-moment control is used to ensure the stability and improve steady and transient response of vehicle. The referenced yaw rate of vehicle is given by
, where s represents the Lagrange multiplier.
As shown in Fig. 6 , The controlled yaw moment M z is composed of feedforward yaw moment M zf and feedback yaw moment M zr . Normally, the control demand of vehicle steady is represented asγ =β = 0, then the output M zf of feedforward controller is given by
In the design of feedback controller, a slide mode controller is used to obtain the optimal yaw moment. Denoting that
represents the difference between the referenced yaw rate and the actual rate, then the vehicle model can be expressed aṡ
The dynamic switching function of sliding surface is defined asṡ
where, k 1 , k 2 , k 3 are the system parameters, and k 1 < 0, k 2 < 0. The slide mode coefficient of reaching law is designed aṡ
where, λ > 0, ξ > 0. Combining (37) with (38) , the control law of slide mode is obtain aṡ
C. LOWER LAYER CONTROLLER
1) TORQUE DISTRIBUTION OF IN-WHEEL MOTORS BETWEEN FRONT AND REAR AXLE
In this section, the torque distribution criterion of in-wheel motors between front and rear axle is formulated to improve the work efficiency of in-wheel motors. Fig. 7 shows the bench of in-wheel motor characteristic experiment. In the experiment, the torque and speed sensor is used to measure the torque and speed of in-wheel motor under a series of control signals. Using the experimental data, the work efficiency is calculated to draw the efficiency map of in-wheel motor. As shown is Fig. 8 , it can be found that the change of speed has little influence on the efficiency of in-wheel motor under the same torque, and the change of torque has obvious influence on the efficiency of in-wheel motor under the same speed. According to the regularity of motor efficiency distribution, the efficiency of in-wheel motor is smaller under larger or smaller torque. Therefore, the torque distribution criterion of in-wheel motors between front and rear axle can be express as: make the efficiency of in-wheel motor as high as possible through reasonable allocation of the torque of in-wheel motor.
In the same manoeuvre conditions, the vehicle speeds and accelerations of different drive mode are equal, it means that the corresponding vehicle torque demand used for vehicle activation is invariable and the output power of vehicle is same. The improvement of motor efficiency is equivalent to the decrease of input power under the same power demand, which is conducive to the energy saving of vehicle. The objective function for the improvement of motor efficiency is represented as
where, T d is the required torque, n is the speed of in-wheel motor, λ f is the torque distribution coefficient of front axle, η f and η r are the work efficiency of in-wheel motor at front and rear axle, respectively. The constraint condition is given by:
where T max is the maximum torque of motor at current speed. The impact of load transfer is not considered in this paper, hence, if there are only the motors of single axis is needed to work, the rear axle drive is adopted. The constraint condition indicates that, when the objective function has two optimization results, the smaller torque is allocated to the front axle and the larger torque is allocated to the rear axle, and the allocated torque could not exceed the maximum torque.
FIGURE 9.
Torque distribution coefficient of front axle.
The aim of torque distribution to improve the efficiency of in-wheel motor is solving out the optimal λ f to maximize J e . Via the experimental data, λ f is calculated out by the method of offline optimization in Fig. 9 . As shown in Fig. 9 , the torque distribution between front and rear axle is mainly related to the total required torque. When the required torque is relatively smaller, λ f is set to zero to enlarge the torque of motor working point so that the working point will approach to the high efficiency area in efficiency map. When the required torque exceeds a certain value (this value is set to T m ), λ f approaches to 0.5 to avoid the situation that the motor torque is too large to reduce motor efficiency.
2) TORQUE DISTRIBUTION OF IN-WHEEL MOTORS BETWEEN INNER AND OUTER WHEEL
In the above section, the driving efficiencies of in-wheel motors are improved by optimizing the driving torque of front and rear axle, the assigned torque of left and right in-wheel motors are equal. In the upper layer controller, the differential distribution of the driving torque between left and right in-wheel motors is needed to provide an additional yaw moment to vehicle and ensure vehicle stability.
As shown in Fig. 6 , it is assumed that the vehicle turning radius along the center of mass is ρ, and the resultant velocity at the center of mass is u. According to the equation (33), we have the simplified relation as
Combining (41) with (1) and (2), respectively, it can be transformed aṡ (43) In the turning manoeuvre, the vehicle motion is seen as a uniform circular motion in a small enough period of time, so it can be obtained asu =γ =β = 0. Considering the steering angle of front wheel and the sideslip angle are small, it can be simplified as cos δ = cos β = 1, sin δ · sin δ = 0. Then equation (42), (43) and (3) is simplified as
Substituting (46) into (47), it can be given by
Then substituting (47) into (44), we have
It is known that
Combining equation (48) with (49), we get
where F f is the steering resistance. Owing to the differential distribution of torque between left and right in-wheel motors, the increment of the driving force of outer wheel and inner wheel are defined as F and -F, respectively. The equation (3) is transformed as
In the same way, according to equation (42), (43) and (51), we get
As shown in (52), it can be found that the torque distribution between outer and inner in-wheel motors offers an additional yaw moment to vehicle and reduces the steering resistance of vehicle at the same time. In the same manoeuvre conditions, the larger F is, the smaller longitudinal force is, so it is equal to reduce the power requirements of the whole vehicle and contributes to the improvement of vehicle economy. However, the oversized F will weaken the understeer of vehicle, so the maximum value of F should meet the demand of vehicle steady state turning, that is
(53)
3) OVERALL TORQUE DISTRIBUTION METHOD
In above analysis, in order to analyze the influence of steering resistance on steering energy, the vehicle model is regarded as a single track model. For four-wheel independent drive electric vehicle, we aim to develop the tire forces distribution method of four wheels to satisfy the yaw control demand. The cost function is defined as
T is the orientated tire forces,W 1 = diag w 1 w 2 w 3 w 4 is the control allocation weight matrix and used to adjust the magnitude of longitudinal tire forces. The matrix B x is the control effectiveness matrix and can be expressed as
The target of tire forces allocation is to obtain the minimal control efforts. According to equation (54), it can be obtained as
With W 1 > 0 and B T x W 2 B x > 0, the
> 0 holds. That is to say, the objective function J has the global minimum with the F x being chosen as
which is computed out by solving
= 0. The tire forces allocation is related to the vehicle load transfer, and in order to maximize the tire forces usage, the tire force is allocated to be proportional to the normal tire vertical load F zi (i = 1, 2, 3, 4).
Therefore, we can achieve the following equation
Then the matrix W 1 is designed with the w i being chosen as
As we can see, the matrix W 1 can adjust itself with the variation of tire vertical load. Uniting the torque distribution coefficient in section IV C1, the optimal torque distribution of whole vehicle can be summarized as: 1) when T d < T m , the matrix W 1 and W 2 is defined as W 1 = diag 2w 1 2w 2 0 0 and W 2 = diag 2 2 0 0 .
2) when T d > T m , the matrix W 1 and W 2 is defined as
It can be found that, compared with the torque distribution method in section IV C1, the differential torque distribution between outer and inner in-wheel motors will cause the motors to deviate from the original optimal working point of high efficiency to a certain extent. That is to say, this torque distribution strategy will reduce the driving efficiency of motors slightly when simultaneously guarantee the vehicle yaw stability and energy-saving of turning manoeuvre. Compared with the demand actuated torque of whole vehicle, the yaw moment is relatively small. Consequently, the motor efficiency losses caused by the torque distribution between outer and inner in-wheel motors are very finite. When T d > T m , in order to minimize the efficiency loss of motors, the differential torque distribution between outer and inner in-wheel motors are implemented to the motors in both front and rear axle, and the amount of distribution torque is same to make the deviation between the actual working point to the optimal working point as small as possible when meet the vehicle yaw demand.
V. SIMULATION RESULTS
To validate the effectiveness of the proposed method in this paper, the simulations are carried out with a high-fidelity CarSim-Simulink joint simulation platform. CarSim is used to represent the whole vehicle model, the estimation of longitudinal force, yaw rate, sideslip angle and the yaw moment control with improvement of economy are achieved in Matlab/Simulink. The parameters of vehicle model, tire model and in-wheel motor model are listed in Table 1 .
A. VALIDATION OF VEHICLE STATE ESTIMATION
To evaluate the performance of the proposed vehicle state estimation system, the simulation is conducted. In case study 1, the simulation condition is a two successive Double Lane Changes maneuver, as shown in Fig. 10 . The vehicle speed is 60km/h and the road friction coefficient is set to be 0.8. Fig. 11 represents the estimation of longitudinal force, and it indicates that the designed LFO can estimate the longitudinal force accurately with the measurements of current, speed and voltage. Fig. 12 shows the comparison of γ KF , γ PID and γ . There is a certain error of the yaw rate estimation by KF when the vehicle running condition changes rapidly, the update measurement error of EKF is restrained by PID, so the accurate estimation of yaw rate is obtained by EKF. Fig. 13 gives the estimation of vehicle running state via EKF/KF/PID estimation method compared with common EKF. It can be found that both two estimation methods can track the real-time vehicle state. The EKF/KF/PID estimation method has higher accuracy of estimation, furthermore, the stability of designed method is better when maneuver condition changes suddenly, it illustrates that the anti-interference ability of EKF/KF/PID estimation method is stronger than that of EKF. VOLUME 6, 2018 FIGURE 12. Effect of yaw rate error compensation in case study 1. In case study 2, in order to further verify the estimation performance of the proposed estimation method under complex driving conditions, the simulation test of fishhook condition under low road adhesion condition is carried out. In simulation, the steering wheel angle is shown in Fig. 14 , the vehicle speed is 60 km/h, and the road adhesion coefficient is 0.4. The longitudinal force estimation result is shown in Fig. 15 , it can be found that the longitudinal force observer can still maintain high estimation accuracy in the fishhook simulation maneuver. The effect of yaw rate error compensation in case study 2 is shown in Fig. 16 , and the effect of designed compensation mechanism is verified. The vehicle state estimation results in case study 2 are shown in Fig. 17 , one can see that the proposed estimation method still have good ability to estimate vehicle state when the vehicle turn sharply.
In order to further verify the proposed estimation method, the root-mean-square (RMS) error E RMS of the estimation result is used for quantitative evaluation and can be computed by the following equation:
where N s represents the number of samples, To verify the performance of the energy saving-based yaw moment control strategy in vehicle stability and economy enhancement, the simulation of proposed optimal torque distribution (OTD) is implemented with the comparison of four wheel even torque distribution (4WETD) and rear wheel drive (RWD). In simulation, the steering wheel angle is fixed at 180 • , and the road friction coefficient is set to be 0.6. A vehicle speed tracking model is designed for speed control.
As shown in Fig. 18 , the vehicle speeds under three torque distribution methods all can follow the planned reference speed, so the demand powers of vehicle under three torque distribution methods are deemed to be equal at the same moment. Fig . 19 shows the torque distribution of four in-wheel motors under three torque distribution methods, where T fo , T fi , T ro , T ri are the distributed torque of front-outer, frontinner, rear-outer, rear-inner in-wheel motors, respectively. In the accelerative manoeuvre, the torque demand of whole vehicle is relatively large. At this time, the torque distribution results of OTD approaches to that of 4WETD to avoid the situation that the driving torque of every single motor is excessive (this situation is accompanied by a low efficiency of in-wheel motor). Similarly, in the uniform speed manoeuvre, the torque demand of whole vehicle is relatively small. Then, the torque distribution results of OTD approaches to that of RWD to avoid the situation that the driving torque of every single motor is too small (this situation leads to the decline of in-wheel motor efficiency too). The torque distribution results indicate that the OTD always impels the driving torque of in-wheel motor to tend to the optimal working point in motor efficiency map. Besides, compared with 4WETD and RWD, the OTD makes the driving torque of outer in-wheel motors larger than these of inner in-wheel motors, this distribution trend is conducive to reduce the steering resistance and improve the yaw stability of vehicle. The sum of input power of four in-wheel motors under three torque distribution methods is shown in Fig. 21 . In the accelerative manoeuvre, the input power of RWD is obviously larger than 4WETD and OTD. This is because the vehicle torque demand is relatively large in acceleration, then the driving torque of rear motor is excessive to cause the motor working in inefficient area. In the uniform speed manoeuvre, the input power of 4WETD is obviously larger than RWD and OTD. The reason is that the driving torque of every motor is too small, which leads to the low efficiency of in-wheel motors. As shown in Fig. 22 , the real-time motor efficiency also proves this analysis. Through integral calculation, it can be found that, compared with RWD and 4WETD, the energy consumption of OTD is increased by 13.31% and 16.44% respectively. 
VI. ROAD TEST
The road test was carried out to verify the energy-saving performance of proposed torque distribution method. The road test is shown in Figure 24 , in which Figure 24(a) shows the experimental vehicle and Figure 24(b) shows the reference vehicle speed. The detailed introduction of the electrical control system and the sensor network of the experimental distributed drive electric vehicle are presented in Reference 46. In order to achieve the real-time speed control of experimental vehicle, a vehicle speed controller is designed. The road test was implemented with above three kinds of torque distribution modes respectively. In order to reduce the error, we have carried out several groups of experiments under the same conditions and calculated the average value of the experimental results, and utilized these experimental data to verify the energy saving effect of proposed energy-saving optimal allocation algorithm. be measured by vehicular sensors at present, so we use the control signal of in-wheel motors to characterize the size and trend of driving torque. Figure 26 shows the comparison of the motor control signal between three distribution methods. It can be seen that the OTD is effective to allocate the control signals of the in-wheel motors according to the size of the torque demand, so as to realize the real-time energy saving optimization of the in-wheel motors. During the acceleration process, the control signal distribution result of OTD to the in-wheel motors in front and rear axle tends to the distribution results of 4WETD. At constant vehicle speed, the control signal of the front axle motor is 0, and the control signal of the rear axle motor is approximately equal to the motor control signal of RWD. It indicates that the distribution trend in road test coincides with the simulation results.
The sum of instantaneous power of all working motors can be obtained by multiplying and then summing the current and bus voltage of all in-wheel motors, and this result is the input power of electric drive system of the same torque demand. As shown in Figure 27 , the instantaneous power of OTD always tends to the smaller one of 4WETD and RWD. It indicates that the OTD makes the in-wheel motors work in the high efficiency area by rational distribution of torque, which avoids the problem that the driving efficiency of the single motor is too large or too small so that to reduce the driving efficiency of in-wheel motors. By computing the integral of motor input power of RWD, 4WETD and OTD, the energy consumptions of three allocation methods in the planned driving manoeuvre of road test is 107.69KJ, 119.32KJ and 98.55KJ, respectively. And the driving efficiency of whole vehicle is 62.34%, 56.26% and 68.12%, respectively. One can see that, compared with RWD and 4WETD, the energy consumption efficiency of OTD is increased by 5.78% and 11.86% respectively. The vehicle yaw rates of three distribution methods are shown in Figure 28 . The yaw rate in OTD driving mode can follow the reference yaw rate with better accuracy and real-time property than RWD and 4WETD, which prove that the proposed control method can ensure the yaw stability of vehicle when improve the vehicle energy efficiency.
VII. CONCLUSION
A longitudinal force estimation method is proposed utilizing the measurements of low-cost sensors and the estimation of yaw rate and vehicle sideslip angle are presented based on EKF/KF/PID scheme via the error compensation between observers. The global vehicle hierarchical control strategy based on vehicle state estimation is developed. The upper layer controller consists of feedforward control and feedback control and is proposed to control yaw-moment. The lower layer controller is designed to distribute the driving torque of in-wheel motors, the torque distribution between front and rear axle aims to improve the driving efficiency of in-wheel motors and the torque distribution between left and right axle focuses to reduce the energy loss caused by steering resistance. The results have verified the effectiveness of proposed estimation method and global vehicle control strategy. 
